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Rodent monoclonal antibodies have been "humanized" or "reshaped" for therapy by 
I >ops fry » their variable domains onto the /J-sheet 
framework ragir.HK of human antibodies. However additi n < u « ns i tic mw to 

framework regions, are sometimes required for high affinity antigen binding. Here we 
1 ft ant >y a reshaped wit b d, dcri* I from the mouse ante! esozyme 

antibody Di 3, and several variants in which point mutations had been introduced "into 
framework positions to improve its affinity. The affinities were determined from the 
relaxation Seine ties of react-ani mixtures using (p'onebing of fie ore-see nee that occurs, upon 
formation oi the antibody-ant ;ett oompho i'hc disaociatio ; > jet of iysoy.yme ranged 
from 3-7 n&t (for 1)1.3) to 5580 «m. Measurement of antibody-antig ». ,u . n kinetics 
using stoppeddlow showed that DJ.il and most of the reshaped antibodies had biinoieeakr 
rate constenh of f-4 x W> a" 1 w"'. indicating thai, differences in cujuiiibrtnm constant were. 

tc< minajjtly due to different rates of dissm . i r o»e from immune complexes. 

Mutations in a triad ol heavy ehuie residues, 2V, 29 and 71, cont-rj baled 0-0 kcal/moi in 
antigen binding free energy, and a Phe to Tyr substitution of light chain residue 71 
niei.it it nidi) i U/moi l'be < nbiued e fleet, ot 1 i m brought 

l( i t h>n\ i ihi i hajw tntiixxi to vithin t factor oi t f Di.3 V 1 ! >f i 
substitutions were in the j!f-sheet framework closely underlying the complementarity- 
doformining regions, and do not, participate in a direct to fraction with antigen. The 
i if t i di n u i r 9 rt j \ j t iteti f I * , oh if U p 

can { mt« n aotibi i« V'ariat it e sites may ih hut a rol n >h run 1 the 
diversity of structures found in the primary repertoire, -and in affinity maturation. 
Keywords bur i tetieo ;itc--direet 1/ jtagen is 

hypefvariabie loop; jysoaysie 



1. introduction 

The antibody is a y -shaped molecule, in which 
the variable (V) domains forming the tip» of the 
arms bind to antigen and those forming 'the stem 
ioma-i .s) an respon&i i '0 rhtg eil eko 

functions that nit ' eatiget ^ ra" diffraction 
studies of erysi 1 1 f eeot-t eveat the 

V and C-domains m two layers of ^-pleated sheet, 
with loops connecting the ends of the /J-strands 
(Poljafc «t ol., 1973; Sohifler «t ot, 1973; Sega! «t at, 
1974). In the heavy and light chain V -domains the 
loops .it on* nri >>f ri< ( ' t lypei . itibl in 
Si m-t e (We « (Cab >, v i, . 

and i - ng site. The //-sheet 

provides a, scaffold for mounting a diversity of 
loops, »id i biding site can be 

transplant**! from a rodent antibody to a human 
antibody, thereby ''humanising" the rodent ttnti 
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1 ' by ti t ting these I n,p { lot < ct at., 
1986 Verhoeyen (/ oi 10SS Rieehoiami ' ot, 
1988). The clinical sueuuss of one such "reshaped" 
human ante lymphocyte antibody. CAMPATH-! 
{Riechmarm a/ at, H«8) in treating B-oel! 
lymphoma (Hab e< ot, 1 &BS) and vast-old** 
(Mathieson c U i»W.>, has pi >* ipted the reshaping 
of antibodies directed against the inter(eukm-2 
receptor {Queen «t at, S989}. Ci>4 {Gorman el oi., 
1991) icsptfaLory ssyneytiat virus (Tempest fit at, 
1991), herpes simplex vims (Co H at., 1991). human 
immunodefrntt-ney virus (Maeda et at., 1991} and 
epidermal growth factor receptor (K«ttkboro««b el 
al,, 189!). 

However, reshaping requires that the rodent and 
human framework regions arc structurally 
conserved, both in the otferHatkm of the two 
/l aheeta of each domain and in the peeking of the 
heavy and light chain V-domains together; that the 
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b ffi ariabl i r ij c>i Lontacts 

>\ ith ntigi n; «)<! I > ipported in a 

simiiai rwu by tin end! sh< I Irs mework . 

Although these are likely to be i,rue for .some anti- 
bodies, the. restitution of key contacts between loops 
and framework has proved .necessary in others, and 
has been assisted by molceular modelling (Rieeh- 
raww «l «i-> IW; Tempest « ei, 1981) ami system- 
atic matching of rodent and human framework 
regions to mini e differ* t niary seqwenees 

iQumn ei al., 1989; Gorman 1091; Maedae/of, 
1991), As * mode) wc have reshaped a human anti- 
ludi ! f (id on t h* h p j i i)»> < f moose 

antibody 1)1,3 (Arait et at.. 1886; Bh'a t et «/., 1990} 
and the framework regions of human Vk(1) family 
(Kabul el al., 1987) and the myeloma protein NEW 
(Poljafc «t of, .1973}. The parent, antibody structures 
have all beet) sol ml nryataliogmphieaJly. The 
Benee-Jojiee protein RBI is in the V'a(I) family 
{Bp} «(<ii 1974) and the !)i 3 antibody was e Ived 
alone and in complex with the antigen Ivsossvme 
(Amit tt al, 1986; Bhat H «f„ J 990}. We achieved 
large enhancement of antigen affinity by substitu- 
tion of several framework residues of a group tb»t 
may exori i ; ,. Ilucnco o» the conforma- 
tion of the CDRsf. 

2. Antibody Design 

The origin;.! distinction between hy pervariabJo 
regions and framework residues (Wo & Rabat, 
1870) had its basis in homologies between the 
primary sequences of immunoglobulins known at 
that time. However, as X-ray eryalailugr&phie 
structures became available, it became apparent 
that residues in the hypervariabte regions formed 
the apical toi t tog i t * 

immunoglobulin fold, but eouid also extend part 
wire t it r ^ tb« t i mis< sr. {fyijak e< ei 

""' ' ' "" " ' 1974). Indeed 
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ewes different, icsiduo positions, as CDRs (for 
example, see Chothia & Leak, 1987) In X-ray eryts- 
taUogxaphio atructoree of antigen-antibody 
complexes, all the ODRs do not. ••> -v-sardy make 
contact U> antigen (Tulip ei al, 1939) and in parti- 
1 1) &r rhe i te f VH CDE2 has never 

b»«n shown to interact directly with antigen. 

We based our designs on Kabat {Kabat el al, 
1987). The , reis.rm rem of the reshaped heavy chain 
1ms been described (Vsrhooyan ei al, 1988). The 
framework ammo acid sequences chosen for the 
light chain ODE acceptor were designed de m». 
They are a consensus, of human k aabgroap I 
sequences (Kabat. H at.. J 987) and closely related 
(but, not ei<.' ■ b ei a the mveloma 

protein Rlif (Palm & Hilsehmann, 1978). The 
framework sequences of the first reshaped antibody 

f AWta viati ns used f nplementat 
o< temuru. g vaie-linked 
ere. r itaaaaj PBS, pi, pi •< buffered saline; 

ecjiuUbriti i <' i >t: kb iQ J bas<aior 

basfe- pairs. 



diffijr from D1.3 at 18 poaitiotis in the light chain 
am 30 n Hie hea^ > bain l'h< 
naadwas is shown in the a-ea.rboo traces of the 
variable domains of the 1>1,9 Htracvoro to 
Pigim* 1(a), The (!) Acre n cess are dispersed over the 
entire variable region of the antibody; .'Jl eight 
framework wigjttfnts have multiple replacements 
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the 



f both 



framework 3 (botwe 

the light and heavy chain. As expected, few differ, 
onees are soon at the VH-Vk framework interface, 
as this region is generally conserved. Two-tbirdrt of 
the framework differences are located on the 
molecule's surface and arc unlikely to affect antigen 
binding. There are also differences in buried 
residues, particularly at the interfaces with the 
hyper variable regions. We considered retaining 
these buried framework residues from mouse 1)1 3 
in t.)ie reshaped antibody (Padlan, 1991), but uvea 
buried residues can form the critical element of a 
T^eil epitope if presented aa a denatured peptide be 
a class II MHO molecule (Alien et aL. 1985), This 
coeld exacerbate any humora) response to the 
native antibody, for exai m ante idiotype rear; 
tion, and we therefore used the entire human frame- 
work regions, whether the residues were buried or 
not, 

framework residues to 
' wt mtrotiecerj 
' institutions into the 
[ 1 i L, a 1} (\ L fficVi toTyr, \ H Scf27 to 
Phe, Thr28 I'heSd SorSO to Ser l^nTbr. and !.y;,71 
to Vat; see Fig. 1(b)). 

Residue 7! of the light chain lies in a loop 
connecting /J-strands and the tyrosine ring of 1)1,3 
protrudes inward and is sandwiched between this 
loop and VL-CX>R1 loop. The phenolic oxygen 
appears to be important: it hydrogen-bonds to the 
amide nitrogen and carbony) of 01y68 and the back- 
bone amide nitrogen of Asn3), thus forming a 
bridge between the two loops. The neighbouring 
residue Tyr32 in in intimate contact with Syso»yme 
residue Gln.121, previousiv identified as a e»mtral 
feature of tt»> pi.?, recognition site (Amit d aL, 
1936/. Residue Phe7i was therefore changed to Tyr. 

Residues 27 to 30 of the heavy chain are pare of a 
structural loop which includes VH (JDS.il (Kabat et 
-.!/., 1987). Indeed they are included within a strum 
smec based hyper variable loop that comprises 
nasi i« rs ?.V, Us t2 (li tti ia *v 1 re IQfc?) « i t : 
with VH-GDRJ that comprises 31 to 3b (Kabat *x 
id , 1987} Ttie -re tes appt r to make important 
nt J k k f r samp! . 

the m 3 struct < i '5 hc2? and 

«. t f n Jub 1 I i nst i idties 

31 to 34, In turn O, are; T V r35t"cf Ml ' J)R1 
make conteet with iysl6 of tysoKyme, Residue 
Ser27 would be expected os create a tmvity. and w; 
therefore elwiged te bhe as in Dl .3 and Rmohman 
<ct al, O&HS Kcs w Pho 29, Ser30 ware 

changed en, bloc to Scr, Leo, Thr, 

Residoeti of the heavy chain may 15 :< the relativa 
dispoattioos of CDRi and CDR2, according to 




> (guj e i F )' rearm «( of.. 1991) i« marked in 

> (fra > v w and red (CIHx • «> tlx i e trace • <; j t r\ bh iv due oneepondim 

i m * ( a ii n[ U v it 

framework of the reshs-ped antibody and (e) the Vernier zone, are highlighted i» gm». 



whether there ia bufky side- chain (Lyg or Arg), or a 
smaller sride-ehai . i ! Via) pt nt ('Trawontan et 
at.. J»90! We therefor. f - 53d Vai'73 to I/vs as in 
01.3, 

3. Methods 

f U I I 4 1 ! i 1 

and Phett ~» 'fyr rattianl 
A myeloma, expression vector used to produce rsngiR- 
eerud immunoglobulin heavy chains {.{feoberger, 1983; 



Ncuberger «i «/., }9&Sj was adapted for light chafe 
expression Z < , (..ni-isf tile 

1 * 1 1 -v it i t! no 1 jute 

the vector Mi K-HuVNP (done* «< al., 1988) to replace the 

A - f r f 1 1 to encode the 

reshaped tight ehain V-gene with eodon usage of mouse 
immunoglocndin aetpieneea. However, the sr-fjutuiot, 
encoding nasidera beyond a,»,W W5 of the mature pro- 

11 was kbn hu 1; 1 i« haraan Jl segment 

(Hieter si oJ„ 1962) including SO nucleotide* S' to iho 
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Figure 2, Nwotecfade and encoded proteMJ se^aancea of reshaped heavy and light chain vana-bSe domains. The 021 A 
eequttnee emudiajg the highest-affinity reshaped antibody {HuLyslI) is ij.own. The location of the mw»tiws, 
ivtmsfriptirjiut! eontro! motife a»d protein translations appear abnvi t'« .n^riitt, with 

nucleotide numbering underneath. Peptide numbering begin* from the Ji-twi)ir«l Twtid«s"<jf the mature protein CDfr 
sequences arc boxed. 



spJicr junction ightcen ., >, o) iefe wvn used to 
encode both stra j , i torU yet, and 

were asaetfibied and cloned in three separate blocks, deli- 
mited by PstX-Kpnl, Kjml-Kpnl, and Kpnl-StoUl 
site*. SO proof >! v ligcmucfeotkl * s phosphor ylated 
tor SO nan s * 37 *C in » 20 jd reaction mtetare with 
1 raw-ATI*, » unite pelynt ieot-ide kinass, 5 ibm- 
dithiothreitol. 5» roM-Tris, 10 tew-MgOK (pH 8). Port.io»» 
(-J ill) of each ph phoi itioi ■ < >- sve e ixm lit rf bv 
hauni; together at S0"C for 5 mm, 67 *C for 30 mm, and 
iog * ! 0 j»k corn t'-smperiture. 300 ni of 
annwrting mix woe Jigated into SO ag M13-rnpi» vector 
(Yaniach- Perron et <iL 1985} in a volume of 10 pi (cora- 
p j it on » aJ wpt, f l ' i< '14 i>NA fjgase 

w>d a pH of < T riant clones were sequenced and 
the 3 hloeJtb excised. gsbporified and as-jembled by jiga- 
i to « Pi i Hi a. a Psti 8e ft-i fragment 
The synthetic gone was introrfoeed as' a ftrfl-.bWfs'r 
fragment into the vector WlS-pHVMP and joined in- 
frame to the signal sequence with a mutegetsw oligo- 
i TOT <Xi A TGT M GA OA* 

CT-o ) ■. < -jvanves were 

made about J % >i sefjtsi < iruinut cgjobulin 

oo tamer transcriptional wintrol element {Fsfkner & 
ifo h u. l!)84) wm deleted using the oljgojsueleotide 
5' -TAG AT.r CAO AGO ATT TOO ATA TTO ATA AC® 



TTG COCTAA TCAT-3', a point mutation. Phe7J to 
Tys, was introdt d minjf h« tjon « eotide S tiG'I 
OAA GGT GTA GTC GOT AGC-3'. Tiie nunotatw 
sequenee of the mutated gem> is given in fig. 2. 

» i ' , < 

heavy chain variaMs [feae 
Mutants of the reshaped heavy ehah; variable gosst* 

*■ de dirvited jjj < ig » J, abova 1-2 ki f Rcqucnoe 6 
to the ootemef wotif «'as deleted, but here it ftiso reanited 
in spurious) duplication -if the tttotif. Ifesiduea 37 to Si), 
initiaiiy Ser-Thr-Phe-Ser . -were changed to 
Phe-Ser-I/sa-Tbr wit.h the mutagenic oJigonuctwtid* 
o-TAC A«; ATA GCC GGT TAA GOT «AA CCC AfJA 
CAG GGT-3', Ser?7 to Phe with the cKponrjcleotidu 
o'-OCTTGAAGG l ( G-8 and VaiT) 

to Lye with tt^ ... tidt GC TOO fO'i < > *t 
TCA OCA TFQ TO-T The omotst. , , . f 
mutated gene Is shown in Fig. 2. 



is) Su&atyalic svprwston vectors 
ft«gmeate carrying heavy and light chain variable 
fffmaa w'th signal len in j mot <jv ; i above} 
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r expression of reshapxi heavy 
! variable regions as 
i yel ni , 1 hi . il a ' 
boxes, the t'odirig regions of 
wide phosphotransferase {hygre- 
e) and !>aet< v t gttanin phi 

I transferase by narrow Lkws. ' and spiking 
between in«n«mogteb«Ijn axons by broken lines. 



wen 'nm iotr * i i ' ression vectors. A vector 
pSV-V w Ht (Ncuberger «( aT.'iOSS} based on the vector 
tlx modified to 

facilitate rapid cloning of the vcri&bfc genes and ti*<sii- eo- 
axpressicn as heavy and light chains in cultured myeloma 
ceils. A human k <HM»te»t gene waa buiit into a vector 
utilising hygromyciM tesisteRoe as a selectable marker, 
and * htnnan heavy chain yj gene buiit iato a vector 
utilising myeopheaolic acid resislaiTO (Kg. 3). 

'Lins -..u .. f the v* '«r lor light chain expression 
involved <v iigntion of 3 fragments: a 2 kb #ind2H" 

'1 'i f 1 I! t COntftiirim tile J j 1 I i , ( 

' i I t < i ..t 1 '/i ' ra 

containing the immunoglobulin heavy chain locos S' 

ii „ i gene, & - % igin of n 

tion and promoters {M, 8, i&obarger and L,. Biechmann, 
unpublished results}; a IlimHll-BamTil fragment 
containing h> i rjuetice of a hygromycio-speeifie 

aminoglycoside phosphotransferase, SV4G t-antigen splice 
site and poly (A equen > - f mi tin f hu, nrd 
pSV2*hyg (A. Smith, ». Strehlow and A. Miyajiom, 
unpublished results). Next, the vector was partially 
digested with h'Mm, and the ff«*dH.T site at the end of 
the hygroutycin fragment- removed by fill-in extension 
with UNA ■ ioi* fragment; and reiige- 

won. The human Ck constant region was thee tetrodneed 
as a ifamHl fragment lit the unique BamRl site of the 
cento) (A genoei . ■ t tr> j; tix human J ami 
Cur gene segment* (.Winter «{ «2., iWZ) iirst cloned ftft a 
fO I ' i„ ft > f ^ ' > i \ Messing l ( )aZ 

the J -segments exotsed as a B kb #i»dfTT fragment end 
the vector religated The 8 trb BdniMI fragment 
containing the Ck ending (sequence and the k enhancer, 
wan used in the • s»tru ti< > : The BaniHX site at tiu> 3' 
»d f the Ck <■ ii>/(». tOI s< ft mini 

to the K fragn >t r berr eliroirtat . • ! . us i 
ligation of part-ia! digests 

OcnsU-aolion of a reshaped enti-lyaoayme antibody 
with human y'i constant region has been described 
{Verhooyen et «.'., 1988); our interest shifted to the yj 
isetype, as it is more potent in aotivation of the eompSe- 
moot .o?ra<1.- foul oi ajitihcx -i pendent veil-mediated 
;yo • - > Bruggeman ei 4 198 . ftehroann tt (U-, 
19SS) A eso.oe of the human yi eofiefeint region esoew 
iTaltah^h « »i. 1982}, was provided a* a 2 kh %fO 
fragment in the Ml pi ^. n I . 1 Kien e.i ol.. IMS) by 



M, Bdiggeojanti, Ate HitidHI digestion, fili-in and li- 
gation U> destroy the internal i/*ndfii site, the ilpfiJ 
fragment waa ntr<;duw!d mi he SdmHl 1. ( ' 
pS^'gptHiV^L^ dg t Verhoeyeo Ti ^ 

1968) to replace the y£ coasUat region exons. Although 
the iigesion at no\i t-he fu/wl!l wt/i. t tht ^etor \ k 
bone, an internal BamJll site (present in the polylinker of 
a»MI3-tg 131 vector) remiMfis at the V-proximal end of 
the insert. 



' TU& t l> * Un 

Light arid heavy chain consttuots were introduced in 
' * < nis e|j h '-'!•>.;., t kj ' r p ti< ' , 10^4 . m 
stably trans n d or i 

resiaUnce and cloned. Geoerally we >-o-trar>sfor;;;wj 
with both light atiU heavy chain etmstroete aitw 
Uneoasly, bat we aleo trie rn, niug Srst with !ig 
'tarn k i»g i | i chain j odocii 

t> > * i ' 1 , 1 >iin v with the heavy cha 



.. The s 



d for 



e ht;;ii 



ransfec 



divides! eioaaa of 



ofa gro 



stnida were purified from 1 J of h . 
ne detergent iysls and CsCil/elhidiuin bromide equili. 
i ttet»ity gradient eentril'ngation {Ish.How.vie* & 
h 10S1). Hps y cha j ri « q no 

til, a ai ehich inereaw ran i uen. 

^re than 10-fold Uigh nhtix >ete do not twe 

ar form was used. Th< »)j hii. N'a' bhdtr 
r ' ' y i « 5 odt! Res neither en do- 

nor bt ' 1 to aboSition of J»e»v> 

transcription and ft defect in the k tianscriot 
)!J el e/., 1938) wee grown in Bulb co's , lied 
'a medium supplemented with 10% fv/v} fetal etdf 
■ ; 110 nig sod J > >o 1 ► , utooivcin/f, 
00,000 units porocillirj/J, Cells were har^ftsted at, a 
v of In 6 cell* and held < iO 7 lis were 
-.dcd in Ol n»l i J BS or medium, placed in s -tenfe 
3 0-4 era x I cm onvotte end atixed with 10 ; 



. Frane. 



r selcc 



f.Oidrd f 



2 kV 



myci: 



ce aiorfc, eena wfire e-.p;isc<.: t;j a drug 

>r i i i t i! t 

contained t}-2 g hygrom yci.n/f, M rag mycopiienoiic 
aeid/l, and 025 g >tanthi 1 W eteek e'oiotiorw j 
xanthine wore «j nO-1 i-Ne * wi |ui dent ( ift 
W83 also added, v eprl ii growth median 

An antigen-barjed BLISA procedure wait devised to 
facilitate screening of tmn«formant«. Microti tre niates 
{Jjynateeh) ww, ted ht with 0-3 t,t- M »«/ 

in SO r.M KaiU < pi! o->, '! «>w { , • , 

,PBR, then bleei < -rum albarnin 

in PBS for 5 min i^ 1 ni / rti nltere upematan! 

were allowed to roaet for 2 h, and after w»sh!nR.' t >di»orbtHi 
Hjitilwiy was- quantified with peroxidase- eon jugaf ;d 
rabbit anti-isuman IgO (Bakopatts, BenmaA) dileted «o 
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plates 



i % bovine scrum utbumm/PBS. After 1 h, 
cashed sod substrates for the eolonr reset-itm 
*-H ? 0 J( 1 ojM-diamraonitim 2, 2'-a*ino his 
>-*ub bit tl j a id) jit 0 1 M c t~itc 

buffer (pH-1;V>. For screening of Sigh* efmra producing 
transi'eelomaa g t i j<> f'Uw am 

coated with » 1 : 500 dilution of ascites fluid of the »nti- 
hunjwi ktf-ppa hybridorea NH5W41 (f>awtoe rf^,, J983}, 
supplied by X Jarvie. 1%-ox tdnse-eon: jugatod rabbit ants- 
human kappa was used for quantitation. 

Once vinibfe eoiomert bad »pj«;&ml in fciw M~wcM pistes, 
after 2 weeks inewbatien antibody production was 
essayed by ELI8A, Cells from wet-s giving the strowgeet 
signals were cloned by limiting dilution to seWtivr, 
mislivitn and regrowfh on PS-well plates The BLI8A 
stwumg was re peered , aanaUy on 30 or more clones, and 
the cell fines giving the strtwgwt signals retained for 
permanent storage and Sarge-aeale growth for antibody 
production. 



equilibrated in fresh d s buffet r 



litre 



re purified to homogeneity from r 
medium by affinity i 



fy.phs 



Seph* 



Septwos < 1 4R {.Pha « n 1 m KfttjC0 3 

wm activated for 2 in in wi( 1 1 i t MI per tnl ream 
adjoin I } solution in < I n ft fit - .h mg< I 
to 0-1 m«N»HGO,. Or, M-NaCf (pH and 5 mg tyso- 
Hj«n« pw Ml SepbiHOHe was ftdtl» I tin 

19 lUM-wwtete, 40 sijjs SfftCi (pH 4>8). The slurry was 
stirred intermittontlj fat 4 h and i 
1 U < ityfir-rl to ight to< ttn nt vis 

01 .toMafiCO-, (pH 109). To minimize the effect of 
leahege of the immobilised lysessyme during ehremato- 
grajthy. the eoionutB were washed with high salt, and 



u» of the bybridoma, and 
ra.nsfeetoroa lines Antibody 
aid stored at 4»C under », 



1 "V • 



Ti, u « 



uditions chosen foi j.U physi at eai . n .» 
were a temperature of 20»C and a nnradewl buffer of 
"twluiil'n, 125 cjm-N . w-RBTA (pH 7-0) 

Ultraviolet extinction coefficients (e J80xM ) were deter- 
wined for the moose and reshaped I N it to fin.il tote 
routine, accurate determination of oo»oe»»trat»on. 

>' e ai i oft! »-sis xtrformed n 

sample* of known optica! density, with nnrlcacine added 
prior to hydrnha tt » »«« uto.ti standard. Correlation of 
t>< hjnri tin tie acid n tiipositmn with Hki, iedo. ;ul 
from the encoded t i o mm gay* j,^, values of 
2-2 x HI 5 » cm '} fo» . c , . • i . . 
or H>x 10" (y! isotype) for reehivped antibodit-s. Antibwlv 
[■repafatkms quantified at the lime of sftor&ge. 

-Portions were wit,hdr»w» tw needed and used direxsMy, 
assuming that the eoueentration at the time of storage 
was unchanged. Hen egg lysoKyw* a«d bovme ubiquitbi 
( ■ • L'fa a I ■ 1 m PBS and 
> ■*> ! < * h< aame hnffer. Conetjntrations vrers 

i 'o i v ( t in ' r In j i u ( )nil of 

V \ , ( (XfD.-ttt el id vri a: j it }o 

(mg/ml) " 1 eta" J for ubicrmtin {Oioehanovei' a al, 1380). 



we« clearr^i U . al U.W^for^S^ 

Solid (JSHxJjSO* wa* i«id«d slowly at a ratio of 0313 kg/I 
of su^iernatant, and the wixtnre stined for 1 h at 4*C. 
fn t U'< was fwtrvested hy » 45 mi« ocntrifogAtion 
diiSioJved in SO ml nW.phsto buf1"eo:-*i "iMtJino 
(125 n>.M-MaCi, 8-4 t»M-N»HjF0<, ifrfi mM-Na 3 HPO,) 
;PB8; and diejyse*} agamat the aavne. 

'The Oialyeed protein wan woirifng«.l to remove any 
insoluble teai.erial, a.nd the reshaped anttbodtes applied to 
• 1 1 ' v V« plMtf<we, pnjvionali <jo i 
rn/M o P x'. naivelj wrti. 

higlvaalt butfer. 0-3 M-'fns, 05 m NaCt (pH. S-5), und anti- 
body einfcsd with 50 mM-diethyiamitie, 1 m Tria -HCi 
{{»H V 4) w as pre • tit i fra tioi olii ■ ioi tubes I-* nea tra- 
ils* the eiuate. The cltMUt w»s then applied directly to a 
5 to 10 ml Protein, A Sepharose eolaron equilibrated in 
i'ftvS i'h<. ootttmns *o ". ,1 with 4 column 

vols of a. gradient.. t>l M-Na^itrate to Cri M-eifcrie aejd, 
and tho^ntibud) dja(,^- • i .' ™s»-B£rTA 

I>*or pnriSfifttion of the DiM antibody (jmoese yt 
isotypo) ot X're t-Sepha* - 1 » i nk » sa dialystd 

v i .1 't - U " ' f « no {pH 8-B), or agais 
0-1 M-.MajHPO^ (pH Sj, K ion pplii tion Uj the column 



^ Ft ktn r tt r nt rf 3d ( 

MgRflSeuice was the 50 H» sfcrohoseopie Xe light source 
which gives a ISO W puis*-, but hies "a mot-mian-square 
intonaity <A 8 W I d» trii phot*. ' j . eg of sum, lea tt, 
negligible levels There to tual 5 gnat drift ovei 
the eou)-«^ el an experiment d mpflrature control of the 
euvette block was mauttained by a tftartnosta-ttod tiren- 

For emieeion spectra, an exeitofion wavelength of 
2SJ0»m wob o^d. with a bandwidth of 10 nm; the emis- 
sion bandwidth w;is f> nm. Semr/ies were ;,eaeried from 
300 to mi nm «*, 30 ren/mio. with an 8 s time etmstont 
it) 3 typical set u roe»»»r<!rr« fds, a f j ganvple was 
seanned to obtain ,i baseline. Antibody wee added u> 
tf»!)« for the xusxt eeati. foiiowiee, whir* ly.-ev.yms was 

KU'llJ I f Iftll I 1 V 1 J, j 1 u i 

Similar moiwuroments were ns«wle on a separate sample of 
buffer then 2t>(> »t-ly» , r < a i P t }«.--ctra. of two- 
tot ri samples* were ht u > t - ' , numerical subtrtto- 
t(0» of the buffer hinnk. 

lit a typtcaj titration, 15 samples of a. cimeentratwi 
Iyao«y7»e solution were added to a it ml sample of it 1 to 
300 iwnafcibony, culminating to * molar ratio of i ly«>: 
Kyme/antibody (!.«. a l}<wwyroe added per eoro binmg sire). 
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Y ■! higher tnsiboil n - m umium interval 

: 2 ffini wiij , i tie lysoiyme and 

m!(mU» « k« is*!.- I the !„„gtl( of time m re^a.y for 
ipj ""fit "quilibriun i I - . relaxation f.im< 
i i r lit« t i ii i i » i andt -nuht rn tu 

data, and an interval seta } time* t-ha used d'ien in 
«xces8 of 3 rain. Titrations were moat frequently 'loop at 
an exoitatior . g 80 nm end an enuiwdon 

w*v«!ongth of 400 am. The excitation bandwidth was 
10 ism. Emission bandwidth* of 5, 10 or £0 Dm were used, 
t i : < v r i g o tf 

obtained hy iveraj the fl or< n« ignal over » span 
of 1ft a. 

41 1 '" rj orm til, iooe-a-asaprogn* 



tifJut 



Of 



i.ody. For example, lire ttuoiwcnfi: of a 10 r,M aohl- 
of 1)1 ,J ntibod i s " f (ring i mock 

itioo with samples of buffer. Use of abiquitin a.t » 
tor almost completely overcame tbie artifact. 

tryptophan residues and a single mo 
;,* «!., 1 975), ho-mtt) fa wy weakly fluores- 
cent. A concentration of 30 /ig/ml gave u stable 
background, which waa a fraction of the total iinorcsceoee 
i tt e uiubidv i i < 1- H» gr jiid, the 

fluorescence, of a mixture of antibody and lyaoivymo at 
equilibrium is described by the equation: 

-y/frA + L+Kf-ir&L}, {1} 

where A and L are the total teomplexcd and untoin- 
piexed) antibody aid but i < i r i 

average f un her e.f co'h i 

A» ami A,, wo the mohw fluoreftecm* of free antibody (on 



con r ring on complexatiuf 



the equilibrium 



J.i malysisof *> i i ' 1 iwdini loeqti (1) wa* 
written in Pases! and -implemented on the Apple 
Macintosh computer. A and L were treated as indepen- 
dent, variables, F as the dependant variable, •n4/ AV /i*». 
/ A , r and .# wore adjustable parameters optimized by the 
operation of the Marquardt least- squares algorithm on. * 
first-order Taylor series expansion of «m (1). 

(b) Jiapid kineiicJi 
»f«a*uK>m«nt of the rat* of antibody-antigen seaoeia- 



■ial i 



! .- 51 io href IS 



des 



Scientific, Salisbury. U K ) ■ 
flu«we*oenc© mode. Light from a 75 VV Xe lamp passed 
through a monoehroraator net at 280 mil, and thorn* *.*» a 
light guide W> tf i i ' ' t j in oi the tienjpb 

passed through a 3-0 or H >wer limit) Siter 

before impinging on the photofflultipiier. A Hewlett- 
Packard 310 computer fitted with an »rtak>gu d% «S 
eonvmter served for data captor* and analysis, using a 
software package supplied by the stopped -flow manufac- 
turer. Syringes and reaetaut rei»rvojr» were bathed in 
water from a thermosrtattod circulating hath The applied 
volt-age on the photomtilfciplier was generally near 1-2 kV. 
ivi» nal volta >f 1 to ( V. 
Per measurenwot of en-rate*, ivro I ml sirringes were 
usohI. one with 100 om antibody, the attorn with % i, 8 or 



pressure, and ifuoresfoneo data ooitceted for a poHoel 
choseii (after preliminaec i-utisl to be appnwimatciv b 
haifdives. Ten or more transient were averaged prior to 
< tiM sqi »!es tilt >, e\p lent.iai 

i«) MipMibrium ««*i«i. teniwim 

The inothod is based on a concept deoeribed by Segat 
(5975). A paeudo-etjuilibriatn is established by a dilution 
in » stopped -ih»i m<dTume» I « fe etional sit« coneen 
(.ration ot a;i 'ii I yd\ ore.j ation is first calibrated by 
titration with e«t I \ mh ng antilmdy at 

ii tiroes i notional pee«d< J , t moitrinti en 
a site basis, and antigen at 22 times this ooimentratio" is 
uHe-wed to *<}«il t . i . aced within * OSond 
stopped -flow syringe, A 3-6 oil syviage ia filled with anti- 
body alone, at W times the notional concentration. As 
the drive syring. i < r .,1 , a » -otjoi,,.! coca 

rsmalation of their . s an J J. fold 



" the 



od ics 



;-Ph 



solouon, thus estoblishing > i-.co.'< erjoitihrinni mixture 
with all 3 components, antibody, lyiioj.yme and w,mpfax, 
approximating the notional concentration. *V a single 
observation a « h^h i r> tsnt t Hw« of iOO //i was 
mixed, and data collected for SO or §0 e. 

A iO am excitation siit was employed to reduce photo- 
bleaobing, arid the longeat avedable time i»netant, 
100 nw. wae used for signal stabilization. Trance for 
m)( i)e identieaJ n » > ' uid fitted to &n 

i i tin <|K i uti d > taken 

as the fiuoresoenee change, A^., on relaxation of the 
initial mixtnrc to a tree equilibrium. The equilibrium 
constant, K, was determined by teeet-«^unren aoaiyssia m 



{a) W^wtes Hjmitrmrapy 
Fluo« aceace j , . t were taken o( l\ho 

*yme, lh<* sot of anti-lyisozyme iwitibadies, and 
ajitibody-antigen mixtures {see l«ge«d to Fig. 4). 
As is evident- from the speetra in Figure 4(a), the 
fluorescence intensity observed from the miitojes 
was considerably less than the sum of intensities of 
the two separate coinp > ' ■ ', mst much oi 
the spec trnl rangfj examined, the magnitude of this 
quench exceeded the finoresoenco emission of free 
iysoxytne, resulting in a decrease of fluorescent* 
upon idditio> ii «e i qv;e ci va« not <m 
to an "inner filter" effect as it was sseori at Sow 
absorbanoe {Az$(, nm ~ 0-02). 

Tbia quench a.t difiererit scare lei igt-lis of emission 
p» entect in > m oi a llno.re*s 

con difforeitee ifxx Irxim, and also s« e fraction of 
the total fluorescence. The- peak of the difference 
spoetrtnn, at 34ft nm, is red-shifted from the 
m«xiia» {< 340 ni») of either antibody or antigon 
speotmin indtaatiog that the qnenchod residues are 
in a pokr environment {Vats Dnuren, 1961). 
LysoKyme has six Trp rostsiues; however, more than 
80% of the Trp fluorescence ra»y he attributed to 
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spectra 

liOO nM-lysofyme 
istiBcentratjons £b 
spectra. A fisores 
Hiw, toft ordinate 
the observed sign 
Stan of the fiuorei 
fraatiorta? iji 



i fine), (b) Difference and ratio 
■■ difference spectrum (continuous 
I was calculated by subtraction of 
iysonyioe J>1,3 mixture fvom the 
> of free B1.3 aed iyaewyme. The 
>, right scale) was calculated 



o r,f U,ji') difference to the ami 



residues 62 and 108 (Imoto ci a<„ 19726), neither of 
which is near tin; antibody-antigen mteriaeo There 
are two light chain and four heavy chain Trp 
variable 



these, TrpSS 
heavy chain 
AspHS of lys 
cpieneh either 
of the differ 
ranging from 
The (1 «e«c 



and the humanist antibodies. Of 
the Sight chain arid Trp52 of the 
w direct contacts to Argi25 and 
t»e, and arcs tho likely origin of the 
t the reshaped antibodies, the peak 
s spectrum was also rod-shifted, 
to 803 » 
3 a fract 



i of total fluorescence 
monotonically with wave- 
length, reaching 30% at 400 tun in the case of I>i 3. 
The reshaped antibodies yielded qualitatively 
similar spi tt t tht quench was 

jjeoerally lower (20%). 




Lysoxyme (dm) 

Figure 5. Titration of D1.3 antibody with lyso*y«a«. 
Srr.dt amp sofa « i 

«dd'.-d to 3tX»nK-i>1.3 (■•♦--••■ ! and flworescansa cnus- 
sioa measured at 890 ma. A coutrol antibody (320 aw) 
with no specificity for bysozymo was titrated in parallel 



{b} r"it(we«(M»j;B Utraiimx awl sloicMormlrus 
Antibody samples were titrated with iysoxyme 
and fluorescence monitored at fixed wavelengths. 
Because a high fractional quench was more Mtiniii- 
e&nt than the overall fluorescence sijraai in deter- 
mining the sensitivity of these measurements, 
emission wavelengths of 890 to 400 nm were used, 
rather than the lower values corresponding to the 
maxima id the ends; n , ■ ■ 

spectra. Figure 5 shows the titration of Dl .3 in 
parallel with a control antibody that does not bind 
lysoxyme. Additions to the control gave a lineaa 
increase in fluorescence over the entire range of 
rysozyroe concentrations. By contrast, as I>1 ,3 was 
titrated, the fluorescence decreased until a stok'bio- 
metpj fiat m i molecules per antibody 

was reached, beyond which the signal rose linearly 
with the same- slope as the eontrol .""Titrations of the 
eshaped antib i i s far data with varying 
curvature at the breakpoint. The observed stoiehto- 
metryof the;in\h..,bt-, with !y... .-ytne. and absence 
of cjnench with the control, indicated that the spec- 
tral change arose from the combination of one 
molecule of iysozyme with each antigen binding 
site. 



The curvature at the breakpoint depends a 
affinity of the particular antibody for Sysoi 
' ' - > ence ti it data wer« fitted to <'qv 
i\) to derive stoichiometric and eqoiitt 



fehs 



tntigen 



>raify "« it ij 



ody 1 



ange HI to 2-1 

sii.es pet t toji i i , bighlj r< nr<> 

dueible stoichiometrics. The equilibrium constants, 
however, were en-atu-. and often had large standard 
deviations The psei 1 > nun relaxation 
method detailed in the next section thus was 
developed as a means of getting more reliable affi- 
nity data. 
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{c) %«fi*i>rito"« constants 
Suppose that a 1 -. 1 : 1 mixture of free antibody, 
free lysosyuie, and antibody-iyaossyrae complex 
could be created artifmSajly, and the concentrations 
of the eontp m i u stem relaxes to 

a true equilibrium, i'n the ideal mixture, if the 
{iflfiDfto-equUibflur;;. concentration of the three reae- 
'lit e gr< ttei ti in ux di octant, anet 

association of antibody and antigen would occur; if 
lower, there would be a not dissociation of the 
complex. When the pseud e<p;ilit urn concentra- 
tion exactlj j i inm constant 
there would be no net change. By measuring 
changes in fluorescence on mixing, we could then 
OBtimato the equilibrium constant from the cross- 
over point, at which there is no ehanga in 
fluorescence. 

In practice we try to make the three equitnolar 
reaeta.nts by mixing a concentrated lysozyme {2 
molar equivak t tntd iv|l molar equi ah it «i 
binding site) solution with a dilute (solution of free 
antibody i'i rnolar equivalent). Because the binding: 
of antibody and antigen is not infinitely tight, we do 
n<> ( • Itn tin ideal ta ' i o >ns the actual 
concentration of nompltsx, C\ is given by the 
equation (2): 

C« J{(rA + I.+ ^}~v'H + L+iT) r -¥AL} (2) 

where the symbols are as for equation (1). The 
cIhisk ir iltti reaeont AF„ occurring sxh 
the two solutions is: 

where Co and are given by equation {%), risspec- 
tivaly, for the 2 : 1 eoelctail prior to mixing and the 
full reaction mixture after complete re-equili- 
bration, and d is the factor by which the concen- 
trated solution diiot fhe lit >rescenec change is 
thus a function of K and we can calculate K from a 
It si square; lit oi ex lenm fall determined AF 
values to equation (S). 

Dissociation cons tan ts were determined for each 
of the reshaped antibodies by pseudo-equilibrium 
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100 1S0 200 250 300 350 
[Stoichiometric pseudo-equilibrium} iw ! 
Figure 6 Deter itku »nst at of Hu'LysO 

reshaped ante i , ,,<!.- gjoudo equilibrium 
relaxation. Antibody and antibody with iysor.yuie solu- 
tions were mixed as described in the text, to give the 
"psovdo-eqoiiibrtum" concentration. This is a notional 
value, equal to the eoncanfcration of free antibody sritcs, 
free antigen and oi pl< - - antig < hkh wouid eecw 
upon inixing ic the limit of infinitely tight antibody- 
antigen interaction. The fluorescence change occurring 
after mixing is plotted in the ordinate. The curve is 
calculated from parameter:! dem<eu by least .glares 
analysis of the exper.tmf.fi t.d point;, 



relaxation, and the values obtained are listed in 
Tablo I, The result* for HuLysO are abown in 
Figure G. In this case it was possible to approach 
the equilibrium front both directions (both positive 
and negatm fiixu mm 1 -< \) rod the loast- 
squares an&lys > t *r< ' l( on constant oi 
260 «m. The precision of this technique in deter- 
mining equilibrium constants proved superior to 
UBing fluorescence titration or the ratio of forward 
and reverse kinetic rats constants*. 

HuLysO, the prototype reshaped antibody, has an 
affinity in the range expected for an 'antibody in a 
primary iiamnf - oi but t uriy two orders of 
magnitude weaker than ~Dl:A. Framework substitu- 
tions ffected i riftean creases in antigen affi- 
nity. The data in Table I are presented in a 



Table t 

Ph/mcal constants e/ anti~ly$otynm 



PmviHhetitti tftiwu are at.andisJtl errors. 
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Figure 7. Kinetias of Antigen binding. 50om-1».3 
( • » • or Hw'LysO ■■ A A ■ was meted with :, 
iysozymc in a stopped dlew instalment. The observed 
pseudo-first order rate constant is plotted again&t the 
tovrtsport'iiiig Ivsoxyrric concentration. The slope of the 
njgressicn line* corresponds to the second order rate 
. n h t <_> > t mi tS.ion. 



differeni form in figure 8. A free energy scale 
denotes changes In frets energy of association with 
antigen, starting from HoLysO. The progression 
H«Lyss0-7-fS-&-! 1 represents a systematic addition 
of single-step changes in the variable domains, 
i m bum m /i t > 
antibodies (R«LvsO to Hotvs?) and changes at V„ 
28 W4«i 30 (HeLysS to H«Lys8) winch are probably 
s. i » i 1 i affinity i A 

final step in B'igu^S. from BuLysll to Dl.3, 
denotes t-hv ov d i t would accrue from a 

further 42 mutations to restore the mouse frame- 
work regions. The four mutations inf.TOii.ueed into 
the human framework regions thus recoup two- 
h r i f the aoi i i rgy lost in tho 

initial ODR transplant. 



(di Kir 



* Oj ft 



If, was possible to folio > 1 > > oi binding 
iron 1« il i i ige on < coptcx lorma 

tion. Antibody was mixed with a 10 to 40-fold 
excess of lyso&yroe per site, and the reaction 
followed for periods of op to two seconds. The 
resulting iiuoreuct . In eas followed « 

simple exponential allowing a pseudo-first order 
rate constant to bo abstracted by least -squares 
analysis. 'The observed rate constant* wore in tttm 
n of Ivawyi 



udfin 



c taket 



along 



ri d iati ■ est • i . ! . 
01.3 antfbod> - Ivso me with a rate constant 
of 1-4x10* 1 me!" 1 V; as do several of tho 
reshaped antibodies, TMa indicates that- the uiitiai 
recognition av< . . difforoaces in 

affinity that are largely controlled by the off-rate. 
However, two of the reshaped antibodies have 




tin <c»>n '1 i j , > Uiui 

The side-chains of residues 28 and 30 lie on the surface 
and they do not. appear Ui interact with tho remainder of 
the antihody [ Pitschmami <:i at., mVj. 



slower on-ra 

in Figure 
corresponds 



a;id the 



xpi, JS 
- deter 



■ed fnrtix 
The olT-r: 



the 



■alee 



.hat could be 



deti « i • i H'uLyst) and HuLy 

consistent with those calculated from c u() and A' 
{doiermined in as above The J>i.S- 

lysosyniecomj i a th a [deviated half 

life of I'M seconds, coni resting with a four «.«ond 
bound Hfetim« for Hu'f,ytsO, the we*kesit binder. 
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5. Discussion 

Here we have described the expression of anfct- 
iysov.yytw reshaped antibodies (Jones ef at., 1086; 
Verboeyco <d «fo 1988; Eiuehmarm ftf., 1988) as 
human yl, k isofcypes in myeloma ceils. Variable 
region 8jtpr« aii ess i nefctding Ig promoter, 
signal and split* sites, worn built in MIS vectors to 
facilitate oligonucleotide -directed mutagenesis. 
These cassettes wer« roadih 1 m ntopSV vectors 
{Mulligan & Berg, 1980; Neuberger, 1983} carrying 
human >•! and \ gent; i impression of antibody. 
These M13 and pSV vector have general utility, 
and aspeete of this work have already been reported 
by Hiechmarm et at. (1986; and Orlandt ti a.L {1989} 
as unpublished raaolts. 

We also describe several methods, using fluores- 
cence quench on antigen binding for tha determina- 
tion of antibody affinity, kinetics and stoic biometry 
of binding. Hitherto the uso of fluorescence quench 
to study the interaction of protein antigens with 
antibody ha* involved the chemical coupling of 
spectra! probes ti antigen Here we use 

thf hang< i ihion t s tophan residues 

sning ti t ; 

the mtemcHon. This allowed the accurate deter- 
mination ot eq tibriun i«i ants of the antibody- 
!yao»ymo interaction, and this proved essentia) for 
following the small energetic changes between 
mutants. 

AnUtoch variable domains coo i 
of , f J-sheiM snrmounted with antig* > iinf , 
that can be transplanted between antibodies. 
However, some amino acids of the framework 
appear to make impoiUwH interactions wish the 
loops (Obotbia &' lawk, )9g7). We attempted to 
dissect, their contribution by "rebuilding" the 
antigen- binding affinity of a reshaped antidvsosvme 
antibody IK = 260 om}, and t.avo foenssed'on four 
framework substitutions. Vfc Pbe71~>Tyr, V„ 
Ser27-tePhe, Fh«29-tea and VaUl-Lys. The 
reasons for designing these substitutions are given 
in Materials and Methods. We found that the lost 
affinity could be rebuilt to Pi rot by introducing all 
these mutation*, to will , faotor of four at h. 
original mouse antibody {3-7 ran). However, each 
mutation atone made a small contribution to the 
enhanced affinity. Vk Pbe71~+Tyr had the greatest 
effect and was unique in increasing the rate constant 
for association; the other changes culy affected the 
rate of dissociation of the antibody -antigen 
complex. 

The residues 37. 29 and 7! in the heavy chain 
form a . contig t 7 nil 1-xtiM 

aide-chains and the hydrophobic portion of the 
Lys71 side-chain internet together, and with the 
loops ODli 1 and 2 {Am.it ti a!., 1988;. The energy 
diagram {Fig " > t I residues do not 

behave independently on supporting the loops in 
fdi.oi tin h g, Vt - o mparing the two 

sites at residues 29 and 71 of the heavy attain, the. 
energetics of the changes (Pht*29 -* -Lou) or 
(ValTI -» Lys) depend on the precise residue at the 



Table 2 

Residue* iv the " Vernier" zone ('Mahal nvviUrix/i) 



Hsavy thaia Light chain 



47-49 35-33 

07 4tM9 

«s> m 

ti aa 

73 os-es 

78 71 

83-iM m 

1 03 



other site. However, comparing the two sites at 
residue 27 of the heavy chain and 71 of the light 
chain, the energetics of the change {Phe7!-.Tyr} 
are independent of the precise residue at the other 

These residues are examples of a more general 
subset of framework residues acting as a "Vernier" 
soue {Fig. 1(c)), which may adjust COR structure 
and fine-inns the fit to antigen. In Table 2 m fist 
framework residues forming a layer underlying the. 
CDRs and that are positioned to exert these effects. 
From inspection of known crystal structures, such 
roles have been ascribed to heavy chain residue 71 
(Tramontano e! afo 1990), and implicitly to residues 
S7 to 3d, which form part of an antigen-binding loop 
(Chothia & Lef.lt, 1987). Such roles are also con- 
sistent with the altered binding properties of anti- 
body mutants. Independent studios of anti -digoxin 
(Panka ti «!., 1988; Novelay et at., 1999) and *ar.ti- 
phosphoryichoiine (Cbfen ti at,, 1989) antibodies 
drew attention to the specific interaction of heavy 
crude framework residue 94 with heavy chain ODE 
residue Hit . 

The Vernier cone has an obvious consequence for 
the design of humanized antibodies, Although 
jrafting ti nt ' siogh et oi i.ecoptos fr»me 
works may welt transfer the antigenic speoiiieity of 
the donor aniahmiy f Junes ti 'ti., J0g<5), ideally the 
Vernier residues should also be matched. Indeed 
ad titntion ft dues! been shown to 

be important to restoring the affinity in CDS. 
grafted antibodies, for example in heavy chains 
residue d7 it the antib lies f AW O-d 
(Ftieehraajm ti al, (988; and DIX residue 71 in 
3)1.3, residue 94 in ajiti-RSV ('Tempest et at., 1991); 
in light chains residue 71 in 3)1.3. 

tr v h i i , , ( , h i i 11 . 

and/or then r. mti.n i ( Itet • at 

these point.* may have some role in affinity matu- 
ration Arg94 of the V-18U.2 heavy chain of the 

i ti litropht lacatyl rea > nth changed 

te Thr (lilier & Bot.hwel), 59S7, Allen ti si.. 1988) 
Li.kfe.vise residue 36 of the Vx-Q.rl anti-piienyb 

t\ iaoi ire ligi i 1 1 tates from Ty» 

to Phe {Griffiths , i JS8.J ' r. due apyjears to 
support the local ODE structure &nd te interact 
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directly with hapten (Atead «f a?., I960}. In fcheTIS 
anti-j>b«ftyl-o.<n.v.olo«« bea-w chain, residue 49 
cororoonly obw • ft n Gly to Ala or V&j (Berek et 
at., 1 985). Furthermore, we note that eioseiy related 
gaml'me genes (tst*s Pfiseoai & Capra, 1991, for a 
compilation of sequences} cm differ at. one or 
sev at'al of thea < sujji sting that variabilit} "1 
1 ', - ,• sums rimy a.lt.0 be a component of the 
Kversitj f tf jnmary »nti 
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